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Abstract. The various formulations of the maximum recoverable work used in the
literature are proved to be equivalent. Then an explicit formula of the minimum free
energy is derived, starting from the formulation of the maximum recoverable work given
by Day. The resulting expression is equivalent to that found by Golden and other authors.
However, the particular formulation allows us to prove that the domain of definition of
minimum free energy is the whole state space. Finally, the maximum recoverable work
is shown to be put as the basis of the thermodynamics of viscoelastic materials under
isothermal conditions. In this context the usual relation between the Clausius-Duhem
inequality and the dissipation of the material is restored.

1. Introduction. All the definitions of Helmholtz free energy for a viscoelastic ma-
terial (for instance, the one given by Graffi [11, 18, 19, 20] and that stated by Coleman
and Owen [3, 7, 8]) do not identify a unique functional. Moreover, it has been shown [23]
that in the convex set of all free energies there exist maximum and minimum elements.
An explicit form of the maximum free energy, according to Graffi’s definition, has been
given by Fabrizio, Giorgi and Morro in [11]. Instead the minimum free energy, according
to both Grafli’s and Coleman-Owen’s definitions, has been proved to be obtained by
maximizing the recoverable work.

For this reason, in the literature we can find many papers discussing the expression of
the maximum recoverable work in linear viscoelasticity.

However, the procedure for finding such an expression, and hence an explicit form of
the minimum free energy, is nothing but easy.

The most important work in this sense is due to Day [4, 5]. Nevertheless, he gave
an interesting characterization of the maximum recoverable work, but not an explicit
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formula. Recently an expression for the maximum recoverable work, and the minimum
free energy, was found by Golden [17] in the scalar case and then extended to the general
isothermal case [9, 13].

However, some questions seem to be still open.

For instance, although the definition of maximum recoverable work is clear, some
different formulations have been used to obtain the above quoted results. So, the question
whether such formulations are equivalent arises.

Secondly, it is worth recalling that the space of definition of any free energy in general is
a proper subset of the whole state space. In other words, a free energy may be unbounded
in correspondence with some strain history. On the other hand, it is reasonable to think
that the domain of the minimum frec energy is wider than the one corresponding to any
other free energy. As a consequence we should expect that such a space does coincide
with the whole state space if properly defined.

In this paper we try to answer the above questions.

First of all, we give an alternative definition of the state space based on the bounded-
ness of the work rather than the stress (Sec. 3).

Secondly, we give a rigorous proof that all the formulations of the maximum recover-
able work present in the literature are equivalent (Sec. 4). What is more, this is proved
avoiding any topology on the state space. In materials with memory and in particular in
viscoelasticity, this is important because many different and unequivalent topologies may
be given, but the objective characteristics of the material, as well as thermodynamics
and its implications, must be unaffected by the particular choice of the topology.

Then (Sec. 5), thanks to previous results given in [17, 9], we are able to prove that the
point of view of Day leads to an explicit expression of the minimum free energy that is
perfectly equivalent to that found in [17] and {9] . Moreover (Sec. 6), such an expression
allows us to prove that the domain of definition of the minimum free energy is the whole
state space as defined in Sec. 3.

Finally (Sec. 7), we show that the existence and the boundedness of the maximum
recoverable work on the whole state space can be put as a basis of the thermodynamics
of viscoelastic materials under isothermal conditions, as already drafted by Fabrizio,
Giorgi and Morro. Such an approach allows us to formulate the dissipativity properties
of the material without reference to any particular topology. Moreover, in describing the
properties of the maximum recoverable work and identifying it with the minimum free
energy, we are led to an interesting physical consideration that enables us to go deep
into the connection between the Clausius-Duhem inequality and the dissipation of the
material. In fact, some authors (see, e.g., [23]) claimed that they are unrelated when
memory effects occur because of the nonuniqueness of the free energy functional. On the
contrary, we prove that such a relation is restored whenever the free energy involved in
the Clausius-Duhem inequality is the minimum one.

2. Notation and basic assumptions for a linear viscoelastic solid. Let Sym
be the space of symmetric second-order tensors acting on R® endowed with the inner
product A -B :=tr(ABT) and norm |A| = (A-A)'/2 where “T" denotes the transpose.
Also let Lin(Sym) denote the space of the fourth-order tensors operating on Sym. For
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any K € Lin(Sym), the transpose KT is such that KT A-B = KB-A, VA, B € Sym. The
reason for this notation is clear by recalling that Sym is isomorphic to R®. Therefore,
C;,i=1,...,6 is an orthonormal basis of Sym so that

6 6 6
A:ZAiCi, B:ZBiCi, A-B:ZAiBZ-.
=1 =1 i=1

Analogously any tensor K € Lin(Sym) will be identified with an element of Lin(R®) by
the representation
6
K= Z Kij C;® Cj
4i=1
and K7 is the transpose of K as an element of Lin(R®). According to that, the norm
IK| of K € Lin{Sym) may be given by

6
|K'2 =tr (KKT) = Z Kinji
i,j=1
In the sequel we deal with complex-valued tensors. Denoting by € the complex plane and
by Sym(§2) and Lin(Sym(£2)) respectively the tensors represented by the above forms
with A;, By, K;; € €, then the norms |A| and K| of A € Sym(Q) and K € Lin(Sym(Q2))
will be given respectively by

A= (A-A), [KP=tr(KK")=| > K;Kj;]|,
i,7=1

where the overhead bar indicates complex conjugate and K* = KT. The above represen-
tations allow all results of [16] to be easily extended to tensors belonging to Lin(Sym(Q)).

For any function f € LY(R,V)U L?(R,V), where V is a finite-dimensional vector
space (in the present context Sym or Lin{Sym)), let fr denote its Fourier transform
viz. fr(w) = [ f(s)e ™ds. Also, we define

w)Z/m f(s)em?ds, f—(w)=/0 f(s)e™'*ds,

/ f(s)sinwsds, fo(w / f(s)coswsds .

All these relations are to be understood as applying to each component of the tensor
quantities involved.

In the sequel, we need to consider the Fourier transform of functions that do not
vanish at large times and thus do not belong to L? for the appropriate domain. The
standard procedure is adopted of introducing an exponential decay factor, calculating
the Fourier transform and letting the time decay constant tend to infinity. Thus, if f is
a function defined on R* such that lims_. 1o f(8) = foo, and g : RT — V, defined by
g(s) = f(s) = foo, belongs to LY(R*, V)N L?(R+,V), then

foo

(2.1)

frw) =gr(w) - wh = lim (w +ia).

jwt’ a—0t
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Henceforth Q% and Q) denote the following sets:
Qt={(eN:5,(>0}, QP ={Ce:3.¢>0}

and analogous meaning is stated for Q= and Q(~). The quantities fi(z) defined in (2.1)
are analytic for z € Q(F),

A linear viscoelastic material is described by the classical Boltzmann-Volterra con-
stitutive equation between the stress tensor T(¢) € Sym and the strain history tensor
E: (—o0,t] — Sym of the form:

o0
T(t) = GyE(t) + G(s)E'(s)ds, (2.2)
0
where E(t) € Sym is the instantaneous value of the strain and E* : (0, +00) — Sym
denotes the past history defined as

E'(s) := E(t — s), s€RT = (0, +00) .

Henceforth for simplicity we identify the strain history with the couple (E(t), E') and use
the term “history” just to indicate the past history Ef. Since G € LY(R™, Lin(Sym)),
its primitive, the relaxation function G : (0, +00) — Lin(Sym) such that

t
G(t) = G +/ G(s)ds
0
is well defined. The quantity Gy = G(0) is named as the instantaneous elastic modulus.
Moreover, there exists the limit
G = lim G(t) € Lin{Sym) ,
t—oo
where G, is named as the equilibrium elastic modulus.
We also assume that G : (0, +00) — Lin(Sym), defined as
G(t) =G(t) — G (2.3)

is symmetric, integrable and its integral does not vanish, viz.

/000 G(s)ds

The thermodynamic properties of a linear viscoelastic material imply (see [15, 14])

Gt)=GT(), 0<

< o0. (2.4)
G =G, G,wE-E<0 VEe Sym)\ {0} Yw e (0,+00). (2.5)

Note that (2.5), may be written in terms of the Fourier transform of G by virtue of
the identity

Gs(w) = —wGe(w) . (2.6)
Moreover, (2.4) and (2.5)2 imply
G(wE-E>0 VYEe€ Sym\{0}VweR. (2.7)

Moreover, on the basis of physical arguments, the equilibrium elastic modulus of a
viscoelastic solid is assumed to be positive definite, namely

GoE-E >0, VE € Sym \ {0}. (2.8)
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Further, we assume
GO)E-E <0, VEc Sym)\ {0}, (2.9)

whereas inequality (2.5), just implies that G(0) is negative semidefinite (see [15]).
If we define the vectorial space

r:= {Et : (0,400} — Sym ; )E'(s) ds

< 00 \/TZO}, (2.10)

whose definition depends on the relaxation function, the Boltzman-Volterra equation
(2.2) defines the linear functional T : Sym x I' — Sym such that

T(E(t), EY) = GoE(t) / G(s)Et(s (2.11)

Given the strain (E(t), E) continued with E(t+a) = E(t), a € R, it is easy to check
that the yielded stress is given by

T(t+ a) = G(a)E(t) + /00 G(s+ a)E(s)ds .
0

It has been shown (see [9], Proposition 2.2, (ii)), that the fading memory property G € L1
ensures that for every £ > 0 there exists a(e, Et) sufficiently large such that

<&, Va>a(e,EY. (2.12)

/000 G(s + a)Et(s)ds

3. A new definition of the space of the processes and of the state space.
The notions of the state and the process for a linear viscoelastic solid have been discussed
by various authors (see [10, 8, 21, 24]). They can be resumed as follows.

REMARK 3.1. According to the definition given in [6] and [15], a process P of duration
d < +oo is given by Ep : [0,d) — Sym. For simplicity, given the strain (E(t),Et) €
Sym x I", we relate P to

Ep :[0,d) — Sym, Ep(r) = E(t) + /OT Ep(s')ds’, 7€ (0,d]. (3.1)

Thus the strain E;(7') = (Ep * E)('), 7/ < t + d, yielded by E! and Ep, is related to
the couple (Ep(d), (Ep * E)**4) and is given by

Ep(d—s) for 0 < s < d,

E(t+d—s) fors>d. (3.2)

Eft+d—s)=(EpxE)t+d—s):= {
In the sequel we use the symbol “*” to denote both the continuation of histories and
the continuation of processes (see [8]).
DEFINITION 3.2. (see [10]) Two strain histories (E1, E{) and (Eg, E}) are said to be
equivalent if for every Ep : (0,7) — Sym and for every 7 > 0, they satisfy

T(Ep(r), (Ep *E1)'"7) = T(Ep(7), (Ep + E2)'*7). (3.3)
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As a consequence, it is easy to show that (0, E!) is equivalent to the zero history
(0,0%) if

/00 G(8)E*(s)ds = b G(s+7)Et(s)ds =0 V> 0. (3.4)
T 0

Equality (3.4) represents an equivalence relation, i.e., two past histories E{ and E}
are said to be equivalent if their difference E* = E! — E{ satisfies (3.4).

According to the definition of state o given by Noll [24], two couples (E;(t), E!) and
(Ea(t), ES) such that E;(t) = Ex(t) and E{ — E! satisfies (3.4) are represented by the
same state o(t). In this sense o(t) may be thought as the “minimum” set of variables
allowing a univocal relation between Ep : (0,7) — Sym and the stress T(t + 7) =
T(Ep(7), (Ep x E)tt7) for every 7 > 0.

In other words (see [8, 21]), denoting by 'y the set of all the past histories of I’
satisfying (3.4), and by I'/Ty the usual quotient space, the state o of a linear viscoelastic
material may be identified by a couple (E, h) with E € Sym and h € T'/T'y and the state
space may be identified as

Y = Sym x (I'/Ty) . (3.5)

In this paper we present a different point of view in defining the state space. Roughly
speaking, if X = Sym x (['/T) is related to the boundedness of the stress (see, e.g.,
(2.10)), we now construct a new state space related to the boundedness of the work.
Such a procedure also induces a suitable definition of the space of the processes.

Given the initial strain described by the pair (E;(¢),E!) and the process P given by
Ep: (0,d] — Sym, the work done on P, is denoted by W(El(t),Ei, Ep), viz.

— . d ~ .
W(E;(t),E;Ep) = /0 T(Ep(7),(Ep «E;)"*7) - Ep(7) dr
t+d
-/ T(E(r),E") - E(7)dr (3.6)
_ %G(O)E(t +d) Blt+d) - %G(O)E(t) CE(t)

t+d oo .
+/,, /0 G(s)E(s) - B(r)dr, (8.7)

where E = Ep * E; as defined in (3.2).

Given a process Ep : [0,d) — Sym and the null strain history (0, 01), where 07(s) = 0,
Vs > 0, let (Eo(t), EY) denote the ensuing strain given by (for simplicity we now take the
initial instant as t = 0)

rt—s £

t
' Ep(r)dr for 0<s<t,
Eo(t) ::/0 Ep(r)dr, Eg(s) ::{ 0 p(r)dr for 0<s<

3.8
for s >t. (3.8)

DEFINITION 3.3. A process Ep : [0,d) — Sym (d < oo) is said to be a finite work
process if

d
W(O,OT;EP):/ T(Eo(t), EY) - Ep(t)dt < oo,
0




MAXIMUM RECOVERABLE WORK AND STATE SPACE 159

where (Eo(t), E§ ) is defined by (3.8).

Observe that W(O, 0':Ep) > 0 by virtue of the Dissipation Principle stated by Gurtin
and Herrera (see [22]); however, it can also be derived as a consequence of (2.5)3 and
(2.8).

When d < oo we can consider Ep : Rt — Sym with Ep(t) =0 for t > d so that

W(0,0"Ep) = /O [GOEO /G (s)Eo(r — 8)ds| - Ep(r) dr

/0 /o G(r = 5)Ep(s) - Ep(r) dsdr

] [o0 foo . .
5/0 /0 G(|t — s|)Ep(s) - Ep(7) ds dr, (3.9)

where G(t) = Go + fo s)ds. Using the function G € LY(R™, Lin(Sym)) such that
G(t) = G(t) — Goo, We have

W(0,0";Ep) = G soEo(d) / / G(|7 — s|)Ep(s) - Ep(7) dsdr

= §GooEo(d) -Eg(d) + o /_OO Ge(W)Epy(w) - Epp(w)dw.  (3.10)

Therefore, the set of the finite work processes can be characterised by the following set:
(e o]

He(RT, Sym) := {cp :RY — Sym : / Ge(w)p (W) - (W) dw < oo} (3.11)
—o0

Observe that, since G.(w) is positive definite Yw € R, Hg(R™, Sym) may be endowed
with the inner product (-, -} defined as

ree= [ Gelw)on ) prnlw) o
and the norm || - ||¢ such that |[¢||Z = (¢,¢)c. Therefore, we can define the space
of the processes as the Hilbert space Hg(R™*, Sym) obtained by the completion of
Hg(R™*, Sym) with respect to the norm || - |-

DEFINITION 3.4. The set of admissible strain histories is defined as the set of all
the couples (E(t),E!) such that the work W(E(t),Et;Ep) is finite for every Ep €
He(RT, Sym).

Thus, the domain of definition of the stress is the set of all those strain histories
rendering the work well defined when the process belongs to Hg(R™, Sym).

Observe that

W (E(t), E; Ep)

_ °° [GOE(t )+ / "G(s)Ep(r — 5)ds + / CG)EE 4T 5) ds} Bp(r)dr

o

OO oS

OO[G /GT—S)EP ds+/ G¢+s)Et()dsJ-Ep(T)dT
I

G(|r — s))Ep(s) ds — I(, E(t), Et)] -Ep(r)dr, (3.12)

1
o L2Jo
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where

I(r, E(t),E!) = —G(r)E(t) - /:G(T + s)El(s)ds, T>0. (3.13)

Let Ef(s) = E'(s) — E(t) be the history relative to the instantaneous value. It is ob-
vious that a strain history can be described equivalently by the couple (E(t), EY) or by
(E(t),EY). Let I(-,Ef) : RT — Sym be defined by

o<

I(r,EY) = — G(r + s)Ef(s)ds, 7>0; (3.14)
Jo

we have

~ v

I(r,E(t),E') = —G. E(t) + I(r. E'), 7>0, (3.15)

and

W(B(0). B Er) = JGaBold) Bald) +5 [ [ Gllr = shEr(s): Enr)dsdr

+GQOE(t)-Eo(d)—/ I(r,EY) - Ep(r)dr, (3.16)

where Eg is given by (3.8);. Expression (3.16) shows how the work may be written
in terms of the couple (E(t), Et) and the process Ep. We denote W (E(t),Et; Ep) =
W (E(t),E*; Ep). Moreover, by means of Plancherel’s theorem we have

WB(0), B Bp) = SGaBo(d) Eold) + o / T G w)Br () - Bra(@) do

J =00

+ G E(t) - Eq(d) — %/% I (wEY Epy(w)dw, (3.17)

-0
where I, (w, Et) = fooo I(r,E)e~™7dr and
o) = [ 80wt =5 [ f0) i de,

provided the integral is finite.

Therefore, the set of admissible strain histories can be thought of as the set of all
the couples (E(t), Et) such that E(t) € Sym and the quantity I(-, E?), related to E* by
(3.14), belongs to the dual of Hg(R™, Sym), namely to

He(RT, Sym) :={f : R* = Sym : [{f, )| <00, Ve Hg(R",Sym)}.

REMARK 3.5. The quantity i(T, Et) is related to the stress associated to the static
continuation of E defined as

E(t) fors<r
ET(s) = =0
e (s) { Ei(s —7) fors>T,

In fact in this case, we have

7> 0.

T(EST) = G(r)E(t) + /Ox G(1 + 5)E*(s) ds = G E(t) — I(r,E) .
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Therefore, the requested regularity on I(7, E?) is the regularity of
T(ES) = T(EY™) - GLE(t) .
In particular, the fading memory property implies that lim, _ ., ’i‘(Ei“) =0.
In the previous section we called as equivalent two strain histories (E;(¢), E}) and
(Ea(t), Eb) that yield the same stress when subjected to the same process. The analogous
equivalence relation may be done by means of the work.

DEFINITION 3.6. Two strain histories (E1(t),E!) and (Ey(t), EY) are said to be w-
equivalent if for every Ep : (0,7) — Sym and for every 7 > 0, they satisfy

W (E1(t), B Ep) = W(E(t), B Ep). (3.18)
It is easy to check the following proposition.

PROPOSITION 3.7. For every viscoelastic material described by the constitutive equation
(2.2), two strain histories are w-equivalent if and only if they are equivalent in the sense
of Definition 3.2.

Proof. It is obvious that if (E1(t),EY) and (E»(¢),E}) satisfy Definition 3.2, then
they are w-equivalent, namely (E;(t), %) and (Ey(t), Eb) satisfy (3.18) for every Ep :
(0,d) — Sym and for every d > 0, since we have

d d
/O T(Ep1(7), (Ep1 * E))**7) - Ep(r)dr = /0 T(Epy(7), (Epy * E1)H7) - Ep(7)dr,

the left [right] hand side being the definition of the work done by Ep starting from
(E1(t),EY) [(E2(t), EL)]. On the other hand, by virtue of (3.16) and of the arbitrariness
of Ep and d, if (E{(t), EY) and (E(¢), EY) are w-equivalent, then they satisfy

E,(t) = Ex(t), I(r,EY) =I(r,E}) vr>0. (3.19)
By virtue of (3.13) and (3.15), equalities (3.19) imply
o0 o
/ G(T + s)E!(s)ds = / G(r + s)E4(s)ds Y7 >0,
0 0

namely, the difference E! = E! — E} satisfies (3.4). O
Therefore, if I, and I',p denote respectively

T, = {Et RY = Sym: I( EY € H’G(R+,Sym)},

§ . (3.20)
Tyo = {E‘ €Ty :I(rEY =0, vr> 0},
then the new state space may be defined as
Y =Sym x (T'y/Two) - (3.21)

As a consequence of Definition 3.2, the work is a function of the state and the process.
Therefore henceforth we also use the notation

W(a(t), P) = W(E(t),E, Ep) = W(E(t), ES Ep)
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and view a process as a function P : ¥, — %, that associates with an initial state
ot € ¥y, a final state Po* = of € ¥,,. The set of finite work processes P will be denoted
by II, namely P € II if the related Ep satisfies Definition 3.3.

4. Equivalent formulations of the maximum recoverable work. The maxi-
mum recoverable work is defined as follows

DEFINITION 4.1. Given a state o € ¥, the mazimum recoverable work Wg starting
from o is defined as

Wr(o) :=sup{-W(o,P): PeIl }. (4.1)

The name of “maximum recoverable work” for Wx(o) is to indicate that it is the
maximum quantity of work we can “extract” from the material at the given state o; in
other words, it is the amount of energy that is available at o.

Note that Wg(o) is a function of state and it is nonnegative, since the null process
belongs to Il and yields a null work.

Even if (4.1) is widely recognized as the definition of the maximum recoverable work,
nevertheless in the literature alternative formulations have been used in order to obtain
its expression in terms of the past histories, and consequently the explicit formula of the
minimum free energy. Usually such alternative formulations are motivated by reasonable
arguments, but not rigorously proved. For instance, Breuer and Onat in [1, 2] implicitly
assume that Wg is obtained by means of processes such that the final strain vanishes,
namely,

Wr{o) =sup {-W (o, P): P € ly(o) }, (4.2)
where
IIy(o) :={P €Il: Pod = (0,h) for some suitable h € T',,/T 0} - (4.3)

On the other hand, Day ([4, 5]) obtains Wg by using processes such that the final strain
has the same value as the initial one, viz.

Wg(o) = %GOOE ‘E+sup{-W(o(t),P), P<c I° s (4.4)

where
d .
.= {PGH:/ Ep(t)dt:o}, (4.5)
0

and d is the duration of the process.! Finally, Golden in [17] finds the minimum free
energy by maximizing the recoverable work in the form

Wgr(o) =sup{S(o0) — W(o(t),P), PeIl}, (4.6)
where S(00) = lim;_, oo S(¢), and
S(t) = T(t) - B() ~ 2GoEB(t) - B(1) (47)

turns out to be the opposite of the work done by a jump from E(t) to 0 (see also [9]).

! Actually, Day’s statement is slightly different. Nevertheless, for our purpose it can be resumed to
Egs. (4.4-4.5). This will be made precise before Corollary 4.6.
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Since such formulations are quite different and since they must be related to the
minimum free energy, which is supposed to be unique, one can ask whether they are
equivalent.

A first proof, showing the equivalence between (4.1) , (4.2) and (4.6), has been given
in {9]. Here we extend such results to prove the equivalence between (4.4) and (4.1).
Moreover, this result leads to a generalization of (4.4) that has been used in [13].

The proofs will be given without involving any topology or norm, so that the results
are not affected by the choice of the topology for the description of the state space.

THEOREM 4.2. For every state o € £,,, the maximum recoverable work Wg(o) defined
in (4.1) is given by

Wr(o) =sup{-W(o,P), Pellp(o)}, (4.8)
where Ip(o) is given by (4.3).
Before giving the proof we need a preliminary lemma.

LEMMA 4.3. Given a state o(t) related to the couple (E(t), Ef), with E(t) = E, for every
€ > 0 there exist two suitable parameters a, r, such that the process F, , € Ilo{o), of
duration a + r related to

E for 7 € (0,a),

Ep(r) = { E-E(r—a) forre(a,a+r] (4.9)
yields a work W (o (t), P, ) satisfying
1
IW(a(t),Pa,r) + §G00E . E\ < E. (4.10)
Proof.
T E
_W(O(t)7Pa,r) = / T(t+a+7’)d7‘ -
0

_ 1<G013-13+// [ ET—S:|de7'-E
r T
// (G YdsdTE - E
. ¢ E
+ G(s)E*'(s —a — 1)dsdr - —
0 J7r+a r

Integrating and making use of (2.3), i.e., G(t) = G(t) — G, we have

1 < T E E
—W(o(t),Psr) — EGOE -E+ %GOE -E = / / G(s)dsd‘r? - =

-I-/OT [G(r +a) — G(r)] drE - —IE + /Or /000 G(s + 7+ a)E(s)dsdr - —E)— (4.11)

Observe that

—W(o(t), Par) — GOE E + GOE E=-W(o(t), M)—%G(X,E~E. (4.12)
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Moreover, by virtue of (2.4),

/T/TG(s)dsdTE-E+/r [G(T+a)—G(7)] clTE~E < M (4.13)
0o Jo r.r 0 r

T

for some M < oo. Moreover, by virtue of (3.1), we have

/000 G(s+ 7+ a)El(s)ds| <8, V(1 +a)> a(8,E?)
so that
/OT /Uoo G(s + 7+ a)E'(s)ds dr - ?‘ < 6|E|, Va > a(6,E"). (4.14)
Choosing r = 2M | § = argy and a > a(d, E!), (4.11)-(4.14) yield (4.10). O
Proof of Theorem 4.2. Obviously, since IIp{o) C II, it follows that
Wgr(c) =sup{-W(o,P): Pe I} > sup{—W (o, P): PcIly(o)} . (4.15)

In view of our hypothesis Wgr(o) < oo, for every € > 0 there exists a process P, € II, of
duration d < oo, such that

Wr(o) — % < —W(a, P.). (4.16)

Suppose that P.c = (E¢,h) for some suitable h € T',,/T",,0 and continue P, with a
process P, described by (4.9). Then, by virtue of (4.16) and Lemma 4.3, there exist
two values of a and r such that

1

—W(o,PyrxP.)=-W(o,P:) — W(P.o,P, ) > Wg(o) + iGOOEE ‘E. —e. (4.17)

Finally, observe that (P, . * P.) € Ilg(o) so that (4.17) and (2.8) imply
Wg(o) <sup{-W{(o,P): P cIly(o)} . (4.18)

Inequalities (4.15) and (4.18) ensure (4.8). a

An interesting alternative formulation of the maximum recoverable work is the follow-
ing.
THEOREM 4.4. For every state o € 3, and for any fixed E € Sym, the maximum
recoverable work Wgr(o) defined in (4.1) is given by

1
Wr(o) = §GOOE -E+sup{-W(o,P), Pellg(o)}, (4.19)
where
lg(c) :={P €ll: Po = (E,h) for some suitable h e I',,/T 0} . (4.20)

The proof will be given with the aid of the following lemma.

LEMMA 4.5. Given a state related to the couple (0,E!), for every € > 0 and every
fixed strain E € Sym there exist two suitable parameters b, 7, such that the process
P, , € llg(o), of duration b+ r related to

o for 7 € (0,b),
EP(T)_{ E(r—b) forre€ (bb+r]

(4.21)
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yields a work W(o(¢), Py ) satisfying

W{(o(t), Por) — %GOOE - E' < €. (4.22)
Proof.

W(a(t), Psr)

" E
/ T +b+71)dr - —

E
= iGOE E—f—/ / t+b+7’—$)d8d7’ ;‘
= lGOE E+// T—S)deT E
2 T
: E
G(s + b+ 7)E!(s)dsdr - ot (4.23)

Integrating (4.23) and makmg use of (2.3), we have

W(o(t), Py r) — %GOOE -E

:/T/TG(s)dsd'r%'%—%/T/OOG(S—FT%-a)Et(s)dsdT-%. (4.24)

Observe that, by virtue of (2.4),

/ G(s)ds dT— = M (4.25)
for some M < co. Moreover, by virtue of (3.1), we have
/000 G(s+ 7+ b)E!(s)ds| <6, VY(r+b) > a(6,E")
so that
E!(s)dsdr - g < S|E[, Vb> a(s EY). (4.26)
Choosing r = 2 § = st and a > a(8, E), (4.24)-(4.26) yield (4.19). )
Proof of Theorem 4.4. Denoting by Wy(c) and Wg(o) the following sets:
Wolo) = {-W(o,P); P elly(o)} , (4.27)
We(s) = {%GOOE "E—W(s,P);Pe HE(J)} , (4.28)
observe that, for every Pg € IIg(0), there exists a sequence of P, € y(o) such that
—nli_'rrolo W(o, P,) = %GOOE -E—W(o, Pg) . (4.29)

In fact, if we continue any process Pg € IIg(0), yielding a work W {o, Pg), with the
process P, . given by (4.9), we obtain a process P, , x Pg € IIp(c). Moreover, (4.10) and
the following

W(O', Pa,r * PE) = W(U, PE) + W(PEO', Pa,r)




166 G. GENTILI
imply that for any € > 0, there exists a process P, , * Pg € IIo{o) such that
1
W (o, Py Ps) = W(0, Ps) + 5GE - E| < ¢,

from which the limit (4.29) follows. This implies that

We(o) € Wo(o). (4.30)

On the other hand, for every Py € (o), there exists a sequence of P, € Ilg(o) such
that

1

§GOOE -E— lim W(o, P,) = -W(o, Pp).

In fact, if we continue any process Py € Ily(0), yielding a work W{o, ), with the
process Py, given by (4.21), we obtain P, , * Py € IIg(c). Moreover, relation (4.22) and
the following

W(O', Pb’.,‘ * P()) = VV(O’7 P()) + W(P()O', Pb,r)

imply that for any € > 0, there exists a process Py, * Py € IIg(o) such that
1
W(O', Pb,r * P()) — W(O', PO) - éGooE -El <e.

This implies that

Wo(o) C Wg(o). (4.31)

Equations (4.30) and (4.31) imply Wy(o) = Wg(0o) so that sup Wy(o) = sup Wg(o). By
virtue of Theorem 4.2 the thesis follows. ]

Theorem 4.4 is a generalization of the formulation of the maximum recoverable work
given by Day. For sake of precision, the maximum recoverable work WéD) defined by
Day is just the quantity Wf(zD)(o(t)) = sup{-W(o(t),P), P €II°} . However, since
any free energy 1 evaluated at the constant strain history (E,E") gives ¢ = G.E - E,
he stated that the minimum free energy ., relative to the strain history (E(t), E!) is
given by ¥m(t) = 3G E(t) - E(t) + WI(%D)(U(t)). Therefore, for our purpose (see (5.1)),
Day’s point of view can be stated as follows.

COROLLARY 4.6. For every state o € ¥, and for any fixed E € Sym, the maximum
recoverable work Wgr(o) defined in (4.1) is also given by

1
Wgr(o) = §GOCE(t) -E(t) +sup{-W(o,P), PeTl’}, (4.32)
where I1° is defined by (4.5).

Moreover, Theorem 4.4 may be generalized in the following form that has been used
by Fabrizio and Golden [13]. Let ¢(t) = $GoE(t) - E(t) and ¢(c0) = lim;—co ¢(t).
Observe that in our context the limit ¢{co) does exist, since any process P € II has finite
duration. Therefore, by continuing any process P of duration d with the null process,
the work done does not change and the ensuing strain is such that E(t) = E(d), vt > d.
Thus the limit Eo, = lim; o E(t) exists and corresponds to the final strain yielded by

P, whereas ¢(c0) = 1GEw - Eo .
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COROLLARY 4.7. For every state o € X, the maximum recoverable work Wr(o) defined
in (4.1) is given by

Wg(o) = sup {¢(c0) — W(o,P), PeIl}. (4.33)
Proof. First observe that P € Ily(o), of duration d < oo, continued with the null

process yields a strain that vanishes at infinity, i.e., E,, = 0, so that ¢(co) = 0. Therefore,
letting Wy(o) and We (o) be defined by (4.27) and by

Wy (0) 1= {p(c0) — W(o, P); P € 11}, (4.34)
we have
Wo(o) C Wee(0) . (4.35)
Now fix a state o(¢t) and a process P € II yielding a final strain such that
Tlln;o E(t)=E, #0.

Let P, be the truncation of P up to the time d, i.e., the process of duration d continuing
o(t) with the strain E4 such that Eg4(7) = E(7), 7 € [t,t + d). Then since

1 1
lim W(o,Pa) = W(0,P), lim 2GwBy-By= 5GuBoc B

d—oo d—oo

for every ¢, there exists a suitable d. such that

1 1
\W(a, Py) — W (o, P)| < % 5GoBy- B — 5GoEo - Eoo| < (4.36)

i m

holds for every d > d..

Now we consider a process Py, = Py * Py € Ig(0(t)), with d such that (4.36) is
satisfled and P, , is described in Lemma 4.3, related to the strain (4.9) with E = E4 and
a, v such that P, , satisfies (4.10) with ¢ replaced by ie.

Then, for every £ > 0, there exists a process P € (o (t)) such that

|¢p(c0) — W{o,P)+ W(c, P.)| < e. (4.37)
In fact, considering P = Py, we have
W{o, P.) = W(0o, Py x Py) = W(o, Pg) + W(Pyo, P, )
and
l¢(c0) — W(o, P) + W(o, Pe)| = [d(c0) — W (o, P)+ W(o, Fag) + W(Pao, Po.r)|
< 16(00) ~ 5GecBa Bl + W (e, P) ~ W(a, )|

1
+ IW(PdO', Pa,r) + iGooEd . Edl <E.

Estimate (4.37) means that for each fixed o € £,, and P € II yielding a work W (o, P),
there exists a sequence of processes Py, o, r. € Ilg(o) yielding works W (o, Py, o, r.) €
Wy (o) such that

lim W(o, Py, a,.r) = W(o, P) — ¢(c0)

n—oo
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and hence

Woo(0) € Wo(o) . (4.38)
Inclusions (4.35) and (4.38) imply that
sup Wee (o) = sup Wy(o).

By virtue of definitions (4.34) and Lemma 4.3, the thesis is proved. |
We conclude this section by recalling the equivalent formulation for Wg used by Golden
in [17]. Such a formulation may be resumed as follows.

THEOREM 4.8. The maximum recoverable work Wgr(c(t)) is given by
Whr(o(t)) = sup {S(o0) - W(o(t), P) , P €I}, (4.39)
where S(c0) = limy_,oo S(f) and S(t) is defined by (4.7).

Proof. Any process P € Ilg(o) yields a final strain E,, = 0, so that S(c0) = 0.
Therefore, letting Wy(o) and W/ (o) be defined by (4.27) and by

Wi (o) := {S(o0) — W (o, P); P € I1},
we have
Wo(o) C W. (o). (4.40)

Now consider the strain E(7), 7 € R, related to ¢(t) continued with a process P € II
and such that lim,_ . E(7) = E,, # 0. Let E4 denote the truncation of E at the time
d > t, continued with the “jump”-process vielding

lim Eq4(7) = E(d), Eq4(r)=0, 7>4d, (4.41)

T—d™

and call P, the related process. The work done on Py is

d . 1
Wit P) = [ Tr)-B(r)dr = 5T(@*) + T(d)] - B(d)
= /dT(T) -E(r)dr — S(d). (4.42)
Since
Jim W(a(t), P) = W(a(t), P) - S(e0) . (4.43)

for every P € I we can find a family of processes P; € Ily(o(t)) such that

lim W(o(t), Py) = W(o(t), P) — S(c0) .

d— o0

Therefore

Weo (o (t)) € Wo(a(t)). (4.44)

(4.40) and (4.44) imply (4.39). O
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5. An expression for the minimum free energy. The minimum free energy has
been shown to be given by the maximum recoverable work, viz.

Ym(o) = Wg(o) . (5.1)

The problem of finding an expression for the maximum recoverable work, and hence
for the minimum free energy, in the gencral case for a viscoelastic material has been
considered first by Day in {4]. However, such works do not completely solve the problem
because the exhibited final expression is not in terms of the given strain, but in terms of
the “reversible extension”, that is, the “optimal future continuation” of the strain yielding
the maximum recoverable work. Now, such a reversible extension can be written in terms
of the given strain by solving a Wiener-Hopf equation of the first kind. Unfortunately, this
_ type of integral equation is not solvable unless particular properties of the integral kernel
are specified. Therefore, Day’s formula remains an interesting characterization, but not
an explicit formula for the minimum free energy. Recently Golden [17] has provided an
explicit expression for the minimum free energy in the scalar case by using a variational
technique. Such a method has been extended to the tensorial case in [9]. However, the
results on factorization for the memory kernel, which turn out to be crucial both in [17]
and [9], may also be applied to Day formulation to yield an cxplicit formula for the
maximum recoverable work in terms of the given strain, and hence for the minimum free
energy. This is just the aim of this section, namely, to give an explicit characterization
of Wg(o), and hence of ¥,,,(o) starting from relation (4.19) of Corollary 4.6.

Consider a fixed time instant ¢ and a strain history (E(t), E) represented by a state
o(t) € ¥,. The work done on a process P € TIV, related to the strain Ep : (0, 00) — Sym.
is given by (3.16) with E(d) = 0, viz.

~ L, Sl . N .
W(E(t),ELEp) = / {5 G(lr — s|)Ep(s)ds — I(r.E")| - Ep(7) dr. (5.2)
Jo 0
The “optimal process” P will be the one related to the future strain E™ : (0, 0c) —
Sym providing the maximum recoverable work, namely, such that

Wr(o(t)) = LG E(t) - E(t) — W(E(t), ELE™) . (5.3)

For each Ep we put Ep(s) = E()(s) +h(s) for a suitable h : R~ — Sym. Therefore

W(E(t) E': Ep) is minimized in correspondence of E( satisfying
OO
G(r - s)E™(s)ds = I(1,EY), 7€RT. (5.4)
Jo

Such an equation turns out to be a Wiener-Hopf equation of the first kind, which is not
solvable in the general case. Nevertheless, the thermodynamic properties of the integral
kernel and some theorems on factorization will allow us to determine the solution E(™)
of (5.4).

Let us introduce a new function r : R~ — Sym. defined as

r(r) = /_ G(r — s)E™(s)ds, TeR™,
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which, added to (5.4), yields

/ G(|r — s)E" (s)ds = I(r,E) +r(r), T€R, (5.5)
where supp(E(™) € R*, supp(I(-, E*)) C R* and supp(r) C R~. The Fourier transform
of (5.5) gives

ZGc(w)E(m)(w) =T (W) +r_(w), (5.6)

where I, (w) = I (w, Et) = [ I(7,Et)e~®dr .

It is worth recalling that we can apply results of [16] to fourth-order tensor-valued
functions (see Appendix). In particular, the tensor K(w) = (1 +w?)G.(w) can be factor-
ized as

K(w) = K (W)K-)(w) ,

where henceforth the subscript (4) indicates that the function f(+)(z) has zeroes and
singularities only for z € Q*. In particular, K(w) has no zero for every real w, —oco <
w < 0o. Moreover, Gc(w) can be factorized too as follows:

Ge(w) = G (W)G()(w), Glw)= !

Factorization (5.7) allows us to rewrite (5.6) as follows:

. - (m 1. . 1x_
GBI (W) = G @I () + 56 (@)r-(w).
Applying the Plemelj formulae, the quantity (G("_l)(w)ii(w) may be rewritten as

'Z‘G( )(w)ii(w) = pi(:_)(w) - pf+)(w), (5.8)

where p!_ (z) has zeroes and singularities for z € Q% and they are defined by
(+)

- t
vy L2 GoWE (W) ‘ — Tom nt :
p*(z) == ini . ?dw, P(4)(w) = nglolx p'(w+ ta). (5.9)
Therefore, we obtain
Ny m 1.
G @B (@) =~ (@) + Pl (@) + 56 (@)r- (). (5.10)

Observe that the quantities G(Jr)(z)E(er)(z) and p2+)(z) are analytic for z € Q7,
whereas pf_)(z) and G(__l) (w)r_(w) are analytic for z € Q*. Therefore, the quantity
. o 1.
J(w) = Gy @BV (@) + plyy(w) = Py @) + 56 @r-(w)

has analytic extension on the whole complex plane. Since J vanishes at infinity it must
be zero so that

EM (W) = —Gy(w) 'l (), (5.11)
1
2

Plyw) = —3Gwr-(w).
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It is worth noting that the process P(™) related to E{™) does not belong to II® but may
be constructed as the limit of a sequence of processes P, of IIV.
REMARK 5.1. Since pf+)(w) = O(l/w) as |w| — oo and limy—o Gyy(w) =

w

L [—(G(O)} 1/2, it follows that

lim B (w) #0.

w00

Therefore E™) (1) has an initial singularity as 7 — 0. This agrees with the property of
the optimal continuation that must have an initial discontinuity as 7 — 0*.
REMARK 5.2. Observe that G(+)(O) # 0, so that

E(™(c0) — E™(0) = / E™) (r)dr = E{(0) = ~G4y(0) "' ply, (0).
0
Therefore, the solution E(™) of (5.4) tends to the finite limit

lim E™) () = EM™ (c0) = E(t) — G(4)(0)"pf4,(0).

T—0C

The substitution of (5.11) into (3), taking account of (4.36), yields

Wg(o) = —G / / G(|r — sPEM™ (s) - EM™ (1) ds dr
_ %G E(t) - E()+%/_OOG( DEM (W) - BT () dw
= %GOOE(t) -E(t) + %/—00 |pf+)(w)|2dw. (5.12)

Therefore, in view of (5.1), the minimum free energy takes the form

Um(0(0)) = Im(B(0), Bl)) = 3B B0 + - [ Ipla@de. (.13

Actually, expression (5.13) suggests that the couple (E(t),pf +)) provides an explicit
representation of the state o(t) € ¥,,; this question will be considered in the next section.

Now we conclude the section by comparing expression (5.13) for the minimum free
energy with the ones already found in [17] and [9]. Let us exploit the relation between
p{;(w) and Et. We identify Et with its causal extension (viz. E(7) = 0 for 7 < 0) and

consider the odd extension G@ of G, viz.

: G for£ >0 : o

G (&) = { _g()_ 6 for é T, +  sothat G (w) = —2iG, (w).
Then (3.14) can be rewritten as

I(r,EY) = —/ GO (r +s)E'(s) ds , T >0. (5.14)

Moreover, let I (- Et) : R~ — Sym be defined as

1) (r, BY) = - / GO(r+s)Bl(s)ds, <0, (5.15)
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and consider the extension I (- E!) : R — Sym of I(7. E) to the real line as follows:

. . > . i(T E") for >0
IR (r, B :—/ (@) SEf(s)ds =14 g = 5.16
(r.E" N Gt + s)E'(s) ds )(r B for 7 <0 (5.16)

Introducing the variable Ef (s) = Ef(—s), s < 0 and the ensuing extension Efl(s) =0
for s > 0, we have

IR EY = - / G (r — s)E! (s)ds ,

so that

(0, BY) = 2iG,(w)EL,_ (w) = 26 (w)EY (w). (5.17)

By virtue of (5.16}, we have the property

IO (W B =1, (w, BY) + 1M (W B,

so that

G @)L (@ B

+

1oy R, =
56 Wy J(w, B =

DO =

By virtue of (5.8) we have
1o 1 wR), =
G (@ BY) = p{_ (@) — ply) (@) +

On the other hand, the quantity %G__l)
Plemelj formulae as follows:

L~ H(R), t t
SCO @I (@ B = p'l) () — Pl ().
WerL P (i)( ) has zeroes and singularities for z € Q% and they are defined analogously
o (5.9). Thus, we have
t n
/() (@) = P'(1)(w) =Pl (w) = ply)(w) + G< L (@)1 (w, B
Observe that the quantity

it

J'(w) = plyy(w) = P4y W) = Py (w) — P'(y(w) + %G(j)<w>i<_"><w, B (518)

is analytic on Q7 by virtue of the first relation of (5.18), and it is analytic on Q% by
virtue of the rightmost relation of (5.18). So J'(w) = 0 and

t
PE+)(W) = PI(+)(W) :

In particular, when it is possible to use (5.17)9 it follows that

lg- W) (W, BN = G L (w)Gy (W) B (w) = —iwG ) (w)EL (w), (5.19)

so that

1 [ Gy (w)EL ()

!

dw'. (5.20)

Z—w

—oC
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The quantity EY can be written in terms of the Fourier transform of Et as

B (@) = B (o) — B0,
so that
— 1 [® Gy [E@) + iw'EL ()]
t _ o / -
P4 (w) = zE.rLl+ 5 /~Oo — dw'. (5.21)
Since
-~ 1 o G(_)(UJI)
= lim — — T du
Cow) a0+ 27 /_oo W= (w+ia) “o
we have
pfﬂ(w) = G(_)(w)E(t) + iqf_)(w), (5.22)
where
1 G(w)wE ()
q(i)( w) = ali.rg¢ %/_ w — (w+ia) ' (5:23)

It is worth noting that q{,,(w) are the same quantity defined in [9] as g% (w), since
H(w) = —wG,(w) = w?G,(w) and hence w(G y(w) correspond to Hy (w) of the factoriza-
tion of H (see (5.11) of [9]). Substitution of (5 22) into (5.13) yields

Uno() = 5GxB) B+ 5 [ 16 B il )P do
- %GOE(t).E(tH%% [ Gy (w)al_(w) du - (1)

+ % /_oo () (w)[* dw . (5.24)

On the other hand, observe that the convolutive part of the stress may be written in
terms of such quantities. In fact,

/0 G(s)E!(s)ds = %/_OC iGs(w)EL (w) dw = —-%/-oo Ge(w) (iwEL (w)) dw
— 2 [ G @) - el do.

Moreover, since both G(Jr)(z) and qf +)(2) are analytic on €2~ we have
et ~
|Gt oo

/ G(s)E'(s / Gy (w)af_y(w) dw. (5.25)

Since

3?/_ iG(H(w)qE_)(w) dw = / iG(+)(w)qf_)(w) dw,

-0
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substitution of (5.25) into (5.24) and the position

S(t) = %GOE(t) -E(t) + b G(s)EY(s)ds - E(t) = T(t) - E(t) — %GOE(t) -E(t)

0
leads to

un®) =50+ 5= [ ol P do, (5.26)

that is, the expression for the minimum free energy found in [9]. As a consequence, all
the properties shown in [9] for (5.26) are satisfied by (5.13) too. In particular, it satisfies
the definition of the free energy stated by Grafli and the one stated by Coleman and
Owen.

However, the method used here to find expression (5.13) will be useful in the next
section to show that the domain of definition of the minimum free energy is the whole
space of the admissible states defined in Sec. 3.

6. The space of definition of the minimum free energy. The minimum free
energy ., is a function of the state o € %,,. Moreover, since pz +) Mmay be thought as
an element of (T'y,/T'y0), (E(t),pfﬂ) is a direct representation of the state o(t) € £, =
Sym x (T'y/Two)- o

This can be proved by recalling (3.19)2 and by showing that I(r,E!) = 0, Vr > 0 if
and only if p2+)(w) =0, Yw € R. To this aim, observe that (5.5) can be rewritten as

I(r,EY = / G(s)El(s—1)ds, T>0.

A causal extension of Ef and an odd extension of G provide the following representation
of I in the frequency domain:

i(r, B _1 G wE w “"waz—l iwGe(w)E (w)e™ T dw, T>0.
™ m +

o —oc

Moreover, representation (5.20) ensures that the Plemelj formula for in(H(w)Eﬁr(w)
may be given by

w6y (@B (@) = Pl (@) — P (), (6.1)
where p” E_)(w) is a suitable function analytic on Q*. Then
¥ " 1 * wT
inE) = - [ 6o (p(+>< )~ By w)) € d
= ——/ G( ( ye'Tdw;, 72>0,

the second equality holding since G(_)(w), p”i_,(w). and €7 are analytic in the half-
Y g (=) (=)

plane Q. Consider now the following function:

© 1 oo .
I'(1) = —— / G(_)(w)pf+)(w) e dw;, TER. (6.2)

s
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This characterization of It allows us to prove the following theorem.

THEOREM 6.1. For every viscoelastic material with a symmetric relaxation function, a
given strain history E! is equivalent to the zero history 0' in the sense of (3.19), if and
ouly if the quantity p€+), related to Et by (6.1), is such that

Ply(w) =0, YweR. (6.3)
Proof. Using representation (6.2), the theorem in effect states that
I(1)=0 vr>0 <  pi,(w=0 YweRr. (6.4)

The statement relating to the left arrow of (6.4) follows trivially from (6.2). In order
to prove the statement relating to the right arrow, we can consider (6.2) as the inverted

Fourier transform of
o

fi(w) = QG(_)(w)prr)(w) = —/ I (r)e~™dr . (6.5)

-0

If It(7) = 0 ¥r > 0, it follows from (6.5) that f* is analytic in QF. The zeros of G-
cannot cancel singularities of pf +) since all such zeros are by construction in 2~. Thus
pf +) must be analytic in Q% and therefore in . Since it goes to zero at infinity, by
Liouville’s theorem, it must vanish and (6.3) is proved. |

Theorem 6.1 ensures that (E(t), p{,) is a direct representation of the state o(t) € Z,
and hence @m(E(t),p€+)) = Y (c(t)) is a function of the state. More precisely, we
should have to say that (E(t), pr) describes a state o(t) € S, C Z,, where

Smi={0 € Ey : Ym(o) < o0} . (6.6)
Actually, any free energy is defined in a proper subset of %,,, namely
S = {U € Xy 1 9Y(0) < OO} C¥y, (6.7)

where 9 is any free energy such that ¢y = 0 when evaluated at the zero history (0,0").
Moreover, since 0 < ¢,,(0) < ¥(0), it follows that S C S,, C Xy,.

Moreover, we can prove the following important result that ensures that every state
of £, has a bounded minimum free energy.

THEOREM 6.2. The space of definition of the minimum free energy is the whole state
space, viz. S, = Xy

Proof. Observe that a crucial equation in determining the expression of the mnimum
free energy is (5.4), viz.

/ G(r - s)E™(s)ds = I(r,BY), reRT. (6.8)
0
Substitution of (6.8) in (5.2) and (5.3) yields
Wg(o) = %GOOE(t) "E(t) + %/ / G(|r — s|)EM™ (s) - E™(r) ds dr
o Jo

= %GmEm B() + o / " BB @) BT @) do (6.9)
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Therefore, Wr(o) induces a natural norm and a natural functional space for the
processes P € TI°, namely.

HL(RT, Sym) = {go € He(RT.Sym) : / p(r)dr = O} . (6.10)
0

Moreover, it is worth noting that (6.9) and Theorems 4.2 and 4.4 ensure that H%(’R+
Syin) is dense in Hg (R ™, Sym) with respect to the norm || -
fixed value of Theorem 4.4, equations (4.30) and (4.31) and Theorem 4.2 imply

- In fact, considering the

sup {—W (o, P). P €I} = sup {%GXE(f,) ‘E(t) -W(0.P). P€ H“} . (6.11)

Equations (6.9) and (6.11). jointly with definitions (4.1) and (3.12), ensure that HY(R™*.
Sym) and He(R*, Symn) admit the same completion with respect to the norm || - || .

As a consequence. every state o(t), whose representative strain history (E(#)E!) is
such that E(t) € Sym and i(E') € Hp(R*, Sym). belongs to Sy, so that X, C Sy,
Since definition (6.6) implics S, C ¥, the thesis is proved. O

We conclude the section by characterizing the states of ¥, and, in particular. analyzing
the type of past strain histories E' belonging to Ty, /Two. Remember that an element of
[w/Two can be directly represented by pf 4y a8 a consequence of Theorem 6.1.

PROPOSITION 6.3. Given a past strain history Ef, then I(t. EY) € Hj(R*. Sym) if and
only if p, € L?(R, Sym()).

Proof. For every ¢ € Hg(RY. Sym) we have

[ G et = [ el o

X x

Consider now ¢ € He(R7T. Sym) and the duality product

/(; I(t.E) @(t)dt = % _ I\ (W) - o (w) dw
- ;ﬂ | G(J)<w>i;<w> (G(i)wm( j) de
1

27r

The Plemelj formulae (5.8) and the fact that

| Pl (Bohe ) de =0
lead to
xifE’ Nt = 2 Eo(c ¢ w)) d
| HEY = o [ bl ) (B @)es ) do

<

Thercfore, if p{,, € L*(R, Sym(w)), then I(-.E') € HL(R™.Sym).

P
1 t 2 1 e 2
A P4y (W)|” dw + w) o 1G4y (W) (w)]” dw.

./j
s
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On the other hand, if I(-, Ef) € H(R*, Sym). Theorem 6.2 ensures that the maxi-
mum recoverable work is finite and the optimal process E™) € Hg(R*, Sym). Thus we
have

0< /OC (VG(;(UJ)EEZH)(W) -de = %GxE(t) E(f) - VV'R(O.) < . (6.12)

Substitution of (5.11) in (6.12), jointly with (5.7} and the property G(i) = GZ‘ )+ Yield

q:

oc 2
/ ‘pfﬂ(w)‘ dw < o0.

—oC

Therefore, I(-, E?) € H},(R*t, Sym) implies P4 € L*(R, Sym(w)). O

7. Recoverable work and thermodynamics in viscoelasticity. The maximum
recoverable work and its properties may be taken as the basis for the thermodynamics
of a viscoelastic material under isothermal conditions. From this point of view, it is of
interest to recall the Dissipation Principle of the Mechanical Energy in the form stated
by Fabrizio, Giorgi and Morro in [11] that reads:

DISSIPATION PRINCIPLE. For any state o € Xy, the set of works done starting from
o is bounded from below. viz.

N(o):=inf{W(o,P): PeIl} > —cc. (7.1)

In our context, we do not need to assume such a Principle. In fact, we can prove it by
virtue of Theorem 6.2 and of a “ Weak Dissipation Principle” that is actually a definition
of a new state space, called “space of admissible states” and that reads:

WEAK DISSIPATION PRINCIPLE. There exists a suitable state space X n C X.,. named
as the set of admissible state. whose elements are all and only those states ¢ € ¥,
satisfying (7.1).

In other words,

Yny:i={ceX,: No)>—-x}. (7.2)
Observe that, comparing (7.1) with (4.1), it is clear that
Wr(o) = —N(o) < oc . (7.3)

Thus Definition 4.1 and comparison (7.3) clarify the physical meaning of the name
“admissible state” for a state o satisfying (7.1). In fact, if (7.1) does not hold, we might
have a state that could provide infinite energy, and this is not physically admissible.

Moreover, by virtue of (5.1), it is easy to note that the spaces Sy, and Xy, defined
respectively by (6.6) and (7.2), coincide. As a consequence, Theorem 6.2, which ensures
S, = Xy, proves the Dissipation Principle too.

Such a thermodynamic principle, in the form introduced in [11] or in the weaker form
shown above, agrees with the general theory of dissipative dynamical systems proposed
by Willems in [25]. In fact, when a viscoelastic material under isothermal conditions is
considered, the general “supply rate” of [25] corresponds to the mechanical power, the
general “storage function” S of [25] is the free energy and the “available storage” S of
[25] is the maximum recoverable work (i.e., the minimum free energy). From this point
of view it is worth quoting Theorem 1 of {25] that reads as follows.




178 G. GENTILI

THEOREM 7.1 (Willems). The available storage (i.e., the maximum recoverable work)
Wg(o) is finite for every o € ¥ if and only if the material is dissipative. Moreover,
0 < Wg(o) < ¥(o) (Vo € £) and Wg(o) is itself a possible storage function (free

energy).

This theorem points out how Theorem 4.2 is crucial. In other words, Theorem 7.1
asserts that assuming the dissipative property of the material is equivalent to state that
the domain of definition of the minimum free energy coincides with the whole state space.

Let us recall how (7.1) leads to the Clausius-Duhem inequality. Remember that Wg
satisfies the following property.

PROPOSITION 7.2. The maximum recoverable work Wg(o) is nonnegative for every o €
PO,

The proof is an immediate consequence of (4.1), recalling that at every state o it is
possible to apply the null process yiclding a null work.

We recall the following assumption that is quite natural at least for simple materials
and, in particular, for viscoelastic materials (see [11]).

ASSUMPTION 7.3. There exists a “zero state” aq, such that Wg(ag) = 0.

Actually, as pointed out in [11], for viscoelastic materials, oy is the state related to
the identically vanishing strain (0, 0").

The fundamental principles of thermodynamics follow from the Dissipation Principle
and Assumption 7.3. In fact, from (7.1) and (4.1) it follows that for each fixed pair
g €Xy, Prell, wehave Il; := {P = P’ « P, , P’ € II} C I so that

Wg(o) > sup{-W(o,P'xP), P €ll}

= —W(o, ) +sup{-W(Po,P), P ell} =—-W(o,P)+ Wg(Po).
Therefore, for any o1,02 € ¥, and P € Il such that Po; = o3, we have

Wg(o2) — Wg(o1) < W(oy, P). (7.4)

As a consequence, for every cycle, that is, a pair 0 € X, and P € Il such that Po = o,
(7.4) implies

W (o, P) >0, (7.5)

that is, the Second Principle of Thermodynamics in the formulation of Clausius. Instead,
Assumption 7.3 implies the Dissipation Principle of Gurtin and Herrera [22]. In fact, from
Assumption 7.3 and (4.1) it follows that

W(oo,P)>0 VYPell,

as stated by the above-mentioned Principle.
Inequality (7.5) implies that there exists a function of state ¥(o), called free energy,
that is a lower potential such that

Y(o2) —¢(o1) < W(oy, P), (7.6)
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that is, the integrated Clausius -Duhem inequality for isothermal processes.? Comparing
(7.4) with (7.6), it is clear that Wg is a free energy.
We conclude the section by discussing the physical meaning of the quantity

D(oy, P) :=W(o1,P) — 9(o2) + ¢¥(01) > 0. (7.7

In fact, D is usually called as the dissipation of the material, so that a process P, acting
on o, should be reversible (i.e., nondissipative) if and only if D(s, P) = 0 and a material
should be nondissipative if and only if D(o, P) =0 for every ¢ € ¥ and P € Il
However, this way of relating the dissipation to the Clausius-Duhem inequality (7.6)
fails when memory effects occur, as pointed out in {12]. This is substantially due to the
nonuniqueness of the free energy as a functional satisfying (7.6), whereas the dissipation
should be an observable uniquely determined. Moreover, we can find a counterexample
of a suitable free energy satisfying (7.6) and (7.7) as an equality even if the material with
memory is dissipative. This is the case for the mazimum free energy defined in [11].
Even in this situation the maximum recoverable work shows an interesting property.
In fact, inequality (7.4), unlike (7.6), is uniquely fixed and it represents the dissipation of
the material by virtue of the definition of the maximum recoverable work as the amount
of available energy. In fact, (7.4) can be interpreted as follows: the sum given by the
energy provided to the material by means of the work W(o1, P) added to the available
energy at the state o; is not less than the available energy at the state Po; = 02. The
difference is the part of W (o1, P) that cannot be utilized anymore, that is, the dissipated
energy. Therefore, denoting by D; the function defined in (7.7) when ; is the free energy
involved, and calling 1,, the free energy given by the maximum recoverable work, viz.

Y (o) = Wg(o), (7.8)
in view of (7.4), (7.7) and (7.8) the quantity
Dm(ol» P) = W(O'l,P) - d”m(o'Q) + ¢m(01) >0

represents the dissipation of the material in the sense outlined above.

Thus, when memory effects occur, the Clausius-Duhem inequality is still related to
the dissipation of the material provided the involved free energy is the one given by the
maximum recoverable work.

Appendix: Factorization of the integral kernel. The solution of the Wiener-
Hopf equation (5.4) relies crucially on the factorization of the integral kernel. The aim
of this appendix is to recall the results of Gohberg and Krein [16] and Deseri, Gentili
and Golden [9], which ensure such a factorization. The results in [16] apply to Hermitian
matrices of arbitrary finite dimension but we state them for the case of 6 x 6 matrices;
moreover, as recalled in Sec. 2, they can be easily extended to tensors belonging to
Lin(Sym(§2)). The result in [9] shows sufficient conditions for the factorization of the
integral kernel G.

2However, inequality (7.6) allows many functionals to be a free energy, especially for a material with
memory, and they do not differ just for an additive constant.
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DEFINITION A.1. A nounsingular continuous function K : R — Lin(Sym(§2)) has a
left [right] factorization if. for every w € R. it can be represented in the form

K(w) = K (@)K (W) [K(w) = K (@)K (w)] . (A.1)
where the matrix functions K 4 admit analytic continuations, holomorphic in the interior

and continuous up to the boundary of the corresponding complex half planes QF, and
are such that

det K(4,(C) #0, (€ Q*. (A.2)

DEFINITION A.2. A nonsingular continuous function K : R — Lin(Sym(Q)) belongs
0 Roxe- Ry ols [[Rexsl] if there exists a constant matrix Co and a matrix function F(#)
such that

K(w) = Cy + / F(t)e™dt Vw € R. (A.3)

o =2

[K(w) =Cy+ /x ]F(t)(Mdf] . HK(w) =Co+ /0 IF(f)c“‘dtH : (A.4)

0 J=x
Note that if K € R ;. it has the analytic propertics ascribed to K4y above. The
main result we use is Theorem 8.2 of [16], that can be stated in our context as follows:

THEOREM A.3 (Gohberg - Krein). In order that the nousingular (Hermitian) matrix
function K € Ry possess a representation of the form
K(w) = K1) (@)K ) (w). (A.5)
in which the matrix function K,y € R, and satistics det K(4(¢) # 0 for ¢ € QF, it is
necessary and sufficient that K(w) be positive definite for every —oo < w < 0.
Comparison of (A.5) with the first relation of (A.1) vields
Koy (w) = K{ 4 (w). (A.6)
Recalling that any fourth-order symmetric tensor maps into a 6 x 6 matrix under the
isomorphism discussed at the beginning of Section 2, let us consider for each given w € R
the fourth-order tensor G.(w) € Lin(Sym) defined by (2.6). By virtue of (2.7) and the

assumption that G(t) is synunetric, it follows that G.(w) is a real-valued, symmetric,
positive definite tensor. Moreover, since

linl‘szc(w) = — lim wG,(w) = —-G(0), (A7)
it follows from (2.9) that the tensor
K(w) := (1 + w?)Go{w) (A.8)

is symmetric and positive definite for every —oc < w < 0.
The result in [9] ensures that K € ey, i.c., that the representation (A.3) applies to
K.

PROPOSITION A.4 (Deseri-Gentili-Golden). If G and G are integrable tensor-valued fune-
tions, and the tensor G(0) is finite and nonsingular, the tensor-valued function K, related
to G through (A.8), belongs to Rgxe-
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Proof. Observe that integration by parts yields

WQGC(‘U) - _WGS(W) = _G(O) - Gc(w) ) (A.9)
so that (A.8) becomes
K(w) = [~<G(0) — Gow) + Gc(w)} (A.10)
Consider now the tensors
Co = ~G(0), F(t) = % [—G(t) + G(t)] . teR, (A.11)

where G and G are extended on the real line as even functions, so that Gg = 2G. and
Gr = 2G.. Then, in view of (A.11), (A.10) is equivalent to (A.3) and the assertion is
proved. O

Theorem A.3, Proposition A.4, and suitable hypotheses on G ensure that K(w) has a
representation of the form (left factorization)

]K(w) = K(+)(w)K(_)(w) (A12)
with K(_)(w) = K7, (@), K(4)(w) € R, and
detK(y(¢) #0  for (et (A.13)

Moreover, such a factorization is unique up to a post-multiplication on the right by a
constant unitary tensor (see Remark on p. 253 of [16]).
As a consequence G.(w) can be factorized too. In fact, we have

Ge(w) = G4)(W)G ()W), (A.14)
where
Giy() = T Kin(w) (A.15)

Observe that, following the convention used in [17], both for K 4y and for G4, the
sign indicates the half-plane where any singularities of the tensors K(4)(¢) and G(:}:)(C ),
¢ € 0 and any zeros in the determinant of the corresponding matrices may occur.
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